Furthermore, astrocytes become reactive in response to brain tissue damage caused by hypoxia, ischemia or seizures. 6, 7) Reactive astrocytes are characterized by stellate morphology and increased expression of glial fibrillary acidic protein. Therefore, the study of mechanisms regulating astrocyte morphology is very important in understanding brain development and response to injury or disease.
Cultured astrocytes from the cerebral cortex of neonatal rats display flat, polygonal morphology in the absence of stimuli, but change into process-bearing stellate cells in response to specific stimuli, e.g., adenosine 3Ј,5Ј-monophosphate (cyclic AMP) analogs, [8] [9] [10] phorbol ester, [11] [12] [13] amyloid b protein [14] [15] [16] [17] or adenosine. 18) This morphological change is termed stellation and has been widely studied for understanding regulatory mechanisms of astrocyte morphology. Although molecular mechanisms leading astrocyte stellation are not fully understood, it has been proposed that stellation results from disruption of actin filament networks through phosphorylation of actin-binding proteins. Cyclic AMP analog-induced astrocyte stellation are accompanied by depolymerization of actin, 9, 19) and disruption of actin filaments by cytochalasins causes astrocyte stellation. 20) L-Glutamate functions as a major excitatory neurotransmitter in the central nervous system. Astrocytes possess an abundance of molecules that could be the target of Lglutamate, e.g., glutamate receptors or glutamate transporters. [21] [22] [23] However, little is known about the functional role of L-glutamate in astrocytes. Very recently, we have found that L-glutamate suppresses astrocyte stellation induced by amyloid b protein, cyclic AMP analog or phorbol ester in culture, suggesting that L-glutamate is a regulator of astrocyte morphology. 17, 24) To explore what step of signal transduction cascades leading astrocyte stellation is affected by L-glutamate, in the present study we investigated the effect of L-glutamate on cytochalasin B-induced morphological changes of cultured astrocytes.
MATERIALS AND METHODS
Primary cultures of astrocytes were prepared from the cerebral cortices of 2-d-old neonates of Wistar rats as described previously. 18, 25) Briefly, dissociated cortical cells were suspended in modified Eagle's medium containing 30 mM glucose, 2 mM glutamine, 1 mM pyruvate and 10% fetal bovine serum, and plated on uncoated 25 cm 2 flasks at a density of 600000 cells/cm 2 . A monolayer of type I astrocytes was obtained 12-14 d after the plating. Non-astrocytes such as microglia were detached from the flasks by shaking and removed by changing the medium. Astrocytes were dissociated by trypsinization and reseeded on uncoated 48-well plates at a density of 20000 cells/cm 2 . After the cells became confluent (approximately 7-8 d), the culture medium was switched to a serum-free medium, and experiments were initiated 24 h later. Changes in cell morphology were assessed by microscopic examination. The percentage of stellate cells was determined by counting more than 1000 cells in multiple fields. 18) Filamentous (F)-actin distribution was examined by staining with rhodamine-conjugated phalloidin, a ligand that specifically binds to F-actin. After drug treatment, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 for 15 min and incubated with 10 U/ml rhodamine-conjugated phalloidin (Molecular Probes, Eugene, OR, U.S.A.) for 2 h at room temperature. Rhodamine fluorescence image was visualized and processed with a laser-scanning confocal microscope system (Bio-rad, Herculeus, CA, U.S.A.).
RESULTS
In the absence of stimulation, cultured rat cortical astrocytes exhibited flat, polygonal morphology, typical of type I astrocytes (Fig. 1A) . The flat astrocytes displayed prominent F-actin cables, which are generally termed stress fibers ( Fig.  2A) . When the cells were treated with the actin-depolymerizing agent cytochalasin B (50 mM), they changed into processbearing stellate cells (Fig. 1B) . The stellation was accompanied by disappearance of stress fibers (Fig. 2B) . The cytochalasin B-induced stellation appeared within 1 h and reached a maximum after 3 h (Fig. 3A) . L-Glutamate alone had no effect on astrocyte morphology, 17, 24) but when added together with cytochalasin B, strongly suppressed cytochalasin B-induced stellation (Figs. 1C, 3A) . L-Glutamate also suppressed cytochalasin B-induced disruption of stress fibers (Fig. 2C) . The suppressive effect of L-glutamate on cytochalasin B-induced stellation was concentration dependent (Fig. 3A) . The EC 50 of L-glutamate for preventing cytochalasin B-induced stellation was 51.3Ϯ5.8 mM (nϭ5). Since cytochalasin B is known to inhibit glucose transport, we also used cytochalasin D, which depolymerizes actin filaments but does not inhibit glucose transport. As shown in Fig. 3B , cytochalasin D (50 mM) induced astrocyte stellation in a similar manner to cytochalasin B, and L-glutamate suppressed cytochalasin Dinduced stellation.
We also examined whether L-glutamate can reverse cytochalasin B-or cytochalasin D-induced stellation. When Lglutamate was added 3 h after exposure to 50 mM cytochalasin B or cytochalasin D, it rapidly reversed stellation (Fig.  3C, D) . L-Glutamate was also effective in reversing cytochalasin B-or cytochalasin D-induced disruption of stress fibers (data not shown).
In our previous study, 17, 24) the suppressive effect of L-glutamate on astrocyte stellation was not mimicked by glutamate receptor agonists, and not blocked by glutamate receptor antagonists, indicating that the effect of L-glutamate is not mediated by glutamate receptors. Alternatively, the suppressive effect of L-glutamate was mimicked by D-and L-aspartate and transportable glutamate uptake inhibitors, DL-threo-b -hyroxyaspartate (THA) and L-trans-pyrrolidine-2,4-dicarboxylate (PDC), indicating that the effect of L-glutamate is related to glutamate transporter activity. Thus, we checked the effects of stereoisomers of glutamate or aspartate and transportable glutamate uptake inhibitors on cytochalasin B-induced stellation. As shown in Fig. 4 , D-and L-aspartate were effective in suppressing cytochalasin B-induced stellation as potently as L-glutamate. D-Glutamate was also effective, but less potent than L-glutamate. Transportable glutamate uptake inhibitors, THA and PDC, suppressed cytochalasin B-induced stellation in a similar manner to L-glutamate.
DISCUSSION
We have found that L-glutamate prevents and reverses cytochalasin B-or cytochalasin D-induced astrocyte stellation. The potency of L-glutamate for suppressing the cytochalasins-induced stellation in the present study (EC 50 ϭ50-60 mM) was consistent with that for suppressing stellation induced by amyloid b protein, dibutyryl cyclic AMP or phor- bol ester in our previous study. 17) Furthermore, L-glutamate prevented and reversed cytochalasins-induced disruption of stress fibers. These results suggest that L-glutamate suppresses astrocyte stellation by promoting cytoskeletal actin organization. This mechanism accounts for the fact that Lglutamate suppresses astrocyte stellation induced by various kinds of stimulation.
The suppressive effect of L-glutamate on cytochalasins-induced stellation was mimicked by D-and L-aspartate. D-Glutamate was much less potent in suppressing stellation than Lglutamate, D-aspartate and L-aspartate. The stereospecificity was consistent with that reported in glutamate transporters, 26, 27) suggesting that the effect of L-glutamate is mediated by glutamate transporters. THA and PDC inhibit glutamate uptake by competing with L-glutamate at glutamate transporters. It is also known that THA and PDC themselves can be transported by glutamate transporters and thereby produce ion fluxes and intracellular pH changes in a similar manner to L-glutamate. [28] [29] [30] In the present study, THA and PDC suppressed cytochalasins-induced stellation as well as L-glutamate, suggesting that the activity of glutamate transporters rather than L-glutamate itself is important for the suppression of stellation. For example, changes in intracellular ion concentrations or pH accompanying glutamate transporter activity may promote the formation of cytoskeletal actin filaments. In addition, it has previously been reported that glutamate induces swelling of cultured astrocytes. 31, 32) LGlutamate-induced suppression of astrocyte stellation may be related to cell swelling. Furthermore, it has been reported that lysophosphatidic acid stabilizes actin stress fibers via a mechanism associated with the GTP-binding protein Rho and inhibits or reverses stellation of cultured astrocytes. 33) It is interesting to examine whether L-glutamate-induced suppression of astrocyte stellation is mediated by Rho. Further investigations are underway to elucidate a linkage between the glutamate uptake system and cytoskeletal system in astrocytes. 
